A Coniothyrium minitans strain (T3) co-transformed with the genes for b-glucuronidase (uidA) and hygromycin phosphotransferase (hph), the latter providing resistance to the antibiotic hygromycin B, was used to investigate the survival and infection of sclerotia of Sclerotinia sclerotiorum by C. minitans over time in four different soils. Infection of sclerotia was rapid in all cases, with the behaviour of transformant T3 and wild type parent A69 being similar. Differences were seen between the soils in the rate of infection of sclerotia by C. minitans and in their indigenous fungal populations. Amendment of agar with hygromycin B enabled the quantification of C. minitans in soil by dilution plating where there was a high background of other microorganisms. In Lincoln soil from New Zealand, which had a natural but low population of C. minitans, the hygromycin B resistance marker allowed the umambiguous discrimination of the applied transformed isolate from the indigenous hygromycin B sensitive one. In this soil, although the indigenous C. minitans population was detected from sclerotia, none were recovered on the dilution plates, indicating the increased sensitivity of C. minitans detection from soil using sclerotial baiting. C. minitans was a very efficient parasite, being able to infect a large proportion of sclerotia within a relatively short time from an initially low soil population. The addition of hygromycin B to agar also allowed the detection of C. minitans from decaying sclerotia by inhibiting secondary fungal colonisers. This is the first report to show that fungi colonising sclerotia already infected by C. minitans mask the detection of C. minitans from sclerotia rather than displacing the original parasite.
INTRODUCTION
The sclerotial mycoparasite Coniothyrium minitans is a well-documented biocontrol agent of the widespread soil-borne plant pathogen Sclerotinia sclerotiorum. It infects and degrades the sclerotia of S. sclerotiorum in soil (Trutmann, Keane & Merriman 1980 , McQuilken & Whipps 1995 , Jones & Whipps 2002 ) and has been shown to control the pathogen in both field and glasshouse trials (Whipps, Budge & Ebben 1989 , McLaren et al. 1994 , McQuilken & Whipps 1995 , Gerlagh et al. 1999 , Huang et al. 2000 , Jones & Whipps 2002 . However, information about the ecology of C. minitans in soil in relation to sclerotia is limited (Whipps & Gerlagh 1992) . Its presence in soil is often indicated by its recovery from infected sclerotia (Huang 1981 , SandysWinsch et al. 1993 although previous reports have suggested that it can be displaced from sclerotia by secondary colonisers (McCredie & Sivasithamparam 1985 , Jones & Stewart 2000 . Additionally, it is often outcompeted on soil dilution plates by fast-growing fungi resulting in an under estimation of its population in soil, and attempts at developing a selection medium have been unsuccessful (Williams 1996) . Currently, it is detected from soils using media containing antibiotics and Triton X to slow other fungi (Whipps et al. 1989 ) but this does not completely alleviate the problem of plate competition. Although there are two commercial C. minitans products, Contans 1 and KONI (Whipps & Davies 2000) , a better understanding of the ecology of C. minitans and its interrelationship with S. sclerotiorum in soil could help to target the biocontrol agent to maximise its effect.
A key requirement to enable the monitoring of the survival and spread of C. minitans in soil is the ability to detect unambiguously and monitor the specific isolate applied. One such means is by constitutive expression of reporter genes or other selectable antibiotic resistance genes. Jones et al. (1999) co-transformed C. minitans isolate A69 with the genes encoding bglucuronidase (uidA) and hygromycin phosphotransferase (hph). The uidA gene has been used by other workers to quantify biomass of Cladosporium fulvum (Oliver et al. 1993) , to measure metabolic activity of Trichoderma harzianum (Green & Funck Jensen 1995 , Green et al. 1999 , to monitor root colonisation by Fusarium oxysporum (Eparvier & Alabouvette 1994) and to examine root infection by Bipolaris sorokiniana (Liljeroth, Jansson & Scha¨fer 1993) . The hygromycin phosphotransferase gene allows the selective isolation and quantification of C. minitans from soil samples on media containing hygromycin B enabling the survival and colonisation of sclerotia and other substrates by C. minitans over time to be monitored. In an initial study, two transformants, T3 and T4, were found to be the most similar in a range of biological characteristics to the wild-type isolate A69 (parent) (Jones et al. 1999) . In this study, transformant T3 was used to investigate the survival of C. minitans and its infection of sclerotia over time in four different soils utilising the hygromycin B resistance characteristic.
MATERIALS AND METHODS

Source and maintenance of fungi
Coniothyrium minitans isolate A69 was isolated from sclerotia of Sclerotium cepivorum obtained from Pukekohe, NZ (Jones & Stewart 2000) with transformant T3 being a uidA and hph transformant of A69 (Jones et al. 1999) . Sclerotinia sclerotiorum isolate G18 was isolated from diseased carrot, Christchurch, NZ (Jones & Stewart 2000) . The fungi were stored in polypropylene straw ampoules in liquid N 2 (Challen & Elliott 1986) and routinely cultured at 18-20 xC on potato dextrose agar (PDA ; Oxoid, Basingstoke). All strains are maintained in the culture collection of Horticulture Research International (HRI), Wellesbourne.
Sclerotial production
Sclerotia of Sclerotinia sclerotiorum isolate G18 were produced using the method of Mylchreest & Wheeler (1987) . 25 g of wheat grain (cv. 'Armada') and 60 ml distilled water were autoclaved and, once cooled, were inoculated with three discs (10 mm in diameter) cut from the colony margin of 2-3 d old PDA cultures of S. sclerotiorum. Flasks were incubated at 20 x for 4 wk in darkness with the flasks shaken after 1 wk to facilitate mixing of the inoculum. The sclerotia were then washed, dried overnight in a stream of sterile air, and those of 2-4 mm diam were selected and used immediately.
Production of maizemeal-perlite inoculum of C. minitans Inocula of Coniothyrium minitans A69 (wild-type) and transformant T3 were produced on maizemeal-perlite. 100 cm 3 of a 15 :85 % (v : v) maizemeal (Midlands Shire Farmers, Worcester) to horticultural grade perlite (Silvaperl Products, Harrogate) mixture was placed in a 250 ml conical flask and moistened with 20 ml tap water and autoclaved. After cooling, each flask was inoculated with 5 ml of a suspension containing 1r10 6 conidia ml x1 produced from 14 d old PDA cultures of either C. minitans isolate A69 or transformant T3, and incubated at 20 x in the dark for 4 wk. The flasks were shaken once a week to facilitate mixing of inoculum.
Coniothyrium minitans sclerotial parasitism
Parasitism of Sclerotinia sclerotiorum sclerotia by Coniothyrium minitans in soil was investigated using a modification of the method of Jones et al. (1999) . Four soils were used : Kirton, Lincolnshire, UK (clay loam ; Romney series) ; Lincoln, Canterbury, NZ (silt loam, Wakanui series) ; Rixton, Cheshire, UK (peat ; Turbary Moor series) and Wellesbourne, Warwicks, UK (loam clay ; Dunnington Heath series).
For each soil type, 10 cm 3 of C. minitans A69 or transformant T3 colonised maizemeal-perlite was ground using a mortar and pestle and mixed thoroughly with 990 cm 3 of air-dried soil (sieved 4 mm). A quantity of this mixture (30 g for Rixton soil which has a low bulk density, and 50 g for the other three mineral soils) was placed in each of 15 Petri dishes and moistened to x0.1 MPa (18.5 ml per 30 g Rixton soil and 9.8 ml, 9.0 ml and 13.6 ml per 50 g soil for Kirton, Lincoln and Wellesbourne soils, respectively) with sterile distilled water (SDW). For each treatment, 20 sclerotia (2-4 mm diam) were pressed lightly into the surface of the inoculated soil in each of 15 Petri dishes and incubated at 20 x in the dark. The water content of plates was adjusted to x0.1 MPa weekly. Sclerotia placed on noninoculated soil were used as a comparative control. After 1, 2, 4, 6 and 8 wk, three plates per treatment were randomly selected and the sclerotia harvested and surface sterilised by agitation in 50 ml of a 50 :50 (v :v) solution of 13-15 % sodium hypochlorite (Hays Chemical distribution, Birmingham) and absolute ethanol for 3 min (Jones et al. 2003) . This was followed by rinsing individual sclerotia twice for 1 min in 2 ml SDW in separate wells of a 25 well Petri dish (Bibby Sterilin, Stone). Washing the sclerotia individually eliminated possible cross contamination of sclerotia by a heavily infected sclerotium that could occur during batch washing of sclerotia (Budge & Whipps 2001 ). The sclerotia were bisected and placed on pairs of agar discs (15 mm diam) in a Petri dish. One of each agar disc pair consisted of PDA supplemented with chlortetracycline (20 mg l x1 powder containing 80% chlortetracycline HCl; Sigma Chemicals, Poole) while the other consisted of PDA supplemented with chlortetracycline (20 mg l x1 ) and hygromycin B (80 mg l x1 ; Boehringer Mannheim Biochemicals, Mannheim). Discs were incubated at 20 x for 10 d in the dark and assessed for the number of sclerotia showing mycelial growth of S. sclerotiorum (viable) and/or infection by C. minitans.
Coniothyrium minitans survival in soil
Colony forming unit (cfu) counts for the maizemealperlite inocula were estimated using standard dilution plating techniques (Jones et al. 1999 ) whereby 10 cm 3 of maizemeal-perlite inocula were shaken in 90 ml of 0.01 % (w/v) sterile technical agar No. 3 (Oxoid) for 10 min. After standing for a further 20 min, serial dilutions were made and plated on three plates of both Czapex Dox agar (CDA ; Oxoid) supplemented with chlortetracycline (20 mg l x1 ) and Triton X-100 (2 ml l x1 ; Sigma Chemicals) and CDA supplemented with chlortetracycline (20 mg l x1 ) and hygromycin B (80 mg l x1 ). Recovery and survival of C. minitans in the soil at the start of the assay and at each harvest was assessed by soil dilution. A 10 cm 3 soil sample for each treatment was diluted with 90 ml sterile 0.01 % agar, and treated as described previously.
Design and statistical analysis
The treatments were arranged as a randomised design with three replicates of 20 sclerotia per treatment. All percentage data were arcsine transformed, to satisfy the assumption of homogeneity of variance, prior to analysis using analysis of variance (ANOVA) in GenStat for Windows (Payne 2000) assuming a completely randomised design. Percentage infection of sclerotia with C. minitans and percentage other fungi were analysed for all combinations of treatment, agar (+/x hygromycin B) and week. As many of the observations were zero, the residual mean squares from these analyses were likely to be deflated, thus inflating the significance level for treatment comparisons, and so comparisons were only noted at the 1 % significance level. As S. sclerotiorum was only able to grow on the unamended discs, observations on hygromycin Bamended agar discs were omitted from the analysis of percentage sclerotial viability, and comparisons were noted at the 5% significance level.
Colony forming unit data were log 10 transformed, to satisfy the assumption of homogeneity of variance, prior to analysis using ANOVA assuming a completely randomised design.
RESULTS
Coniothyrium minitans sclerotial parasitism
For all soils, viability of sclerotia incubated in soils treated with Coniothyrium minitans isolate A69 or transformant T3 treated soils significantly decreased with incubation time (Tables 1-4) . Additionally, for both C. minitans treatments, the percentage of sclerotia infected with C. minitans increased to a maximum after 2-4 wk on media lacking hygromycin B. With increased incubation (8 wk), recovery of C. minitans from sclerotia significantly decreased. In general, at the later harvest times (4, 6 and 8 wk), percentage recovery of C. minitans from sclerotia incubated in transformant T3 treated soils was significantly higher on hygromycin B-amended agar compared with agar lacking hygromycin B. Concurrently, recovery of fungi other than C. minitans was generally significantly decreased on hygromycin B-amended agar compared with unamended agar from soils treated with either isolate A69 or transformant T3 at these harvest times. Nevertheless, there were some additional significant differences in viability and infection of sclerotia between the various soils and these are detailed below.
In both untreated Rixton and Wellesbourne soils, the majority of the sclerotia recovered were viable throughout the experiment (over 90%) (Tables 3-4). However, for both uninoculated Kirton and Lincoln soils, although sclerotial viability was initially high, viability significantly decreased with increased incubation (Tables 1-2) . Concurrently, for sclerotia incubated in uninoculated Lincoln soil, C. minitans was initially recovered at a low level (0.6 % infection at wk 1), but significantly increased with incubation. No C. minitans was isolated from any sclerotia incubated in any of the other three uninoculated soils.
In soils treated with isolate A69 or transformant T3 treated soil, recovery of C. minitans from sclerotia harvested after 8 wk incubation was low for all soils (less than 12%), apart from Rixton soil where over 40 % of sclerotia were infected by C. minitans (Tables  1-4) . Infection of sclerotia with fungi other than C. minitans also varied in the four soils. For uninoculated Kirton, Rixton and Wellesbourne soils, infection of sclerotia with fungi other than C. minitans generally increased with incubation. However, for sclerotia incubated in the uninoculated Lincoln soil, infection with fungi other than C. minitans was low throughout, with no significant difference between the numbers recovered at any incubation time. Infection of sclerotia incubated in Rixton soil treated with isolate A69 or transformant T3 by fungi other than C. minitans was low throughout. However, infection of sclerotia with fungi other than C. minitans recovered from Lincoln, Rixton and Wellesbourne soils treated with isolate A69 or transformant T3 was high, with the maximum recovery at the 6 wk harvest (31.3, 32.2 and 33.3 %, respectively for Kirton, Lincoln and Wellesbourne soils treated with isolate A69, and 28.0, 55.5 and 51.7 %, respectively for treated Kirton, Lincoln and Wellesbourne soils treated with transformant T3).
For all four soils, no C. minitans colonies were isolated on hygromycin B-amended agar from treatments amended with isolate A69. Similarly the native C. minitans recovered from uninoculated Lincoln soil was also found to be sensitive to hygromycin B.
Coniothyrium minitans survival in soil
Inoculum levels in maizemeal-perlite inoculum for isolate A69 and transformant T3 were 7.3-7.7 log 10 cfu cm x3 maizemeal-perlite on CDA amended with e LSD for comparison of S. sclerotiorum recovery across weeks or between treatments. Significant differences between any treatment means were calculated from the least significant difference (LSD), where LSD=t v rSED, and SED=standard error of the difference between the means derived from ANOVA analysis and t=critical value (P=0.05) of Student's t distribution for v degrees of freedom (d.f.).
f LSD for comparison of C. minitans recovery across weeks, between treatments or between amended and unamended hygromycin B discs at (P=0.01). g LSD for comparison of other fungi recovery across weeks, between treatments or between amended and unamended hygromycin B discs at (P=0.01). chlortetracycline and 7.5-7.6 log 10 cfu cm x3 maizemeal-perlite on CDA amended with hygromycin B (Table 5) . No cfu of Coniothyrium minitans were recovered from the uninoculated control soil for any of the soils (data not shown). For all soils, cfu counts of C. minitans remained relatively constant throughout the experiments. In general, no differences in cfu counts of C. minitans were detected on the two agar types (with or without hygromycin B) for the transformants initially or after 1 wk of incubation. For the transformant treatments, no C. minitans was recovered on unamended agar for all soils at 4 wk and Lincoln soils at 6 and 8 wk due to contaminant fungi. However, on agar containing hygromycin B these contaminant fungi were inhibited, enabling C. minitans cfu counts to be estimated. The addition of hygromycin B to the agar also significantly increased recovery of C. minitans compared with unamended agar in both Rixton and Lincoln soil after 2 wk and Rixton after 6 wk.
DISCUSSION
Coniothyrium minitans rapidly infected sclerotia incubated in all four soils with the pattern of sclerotial infection over time by transformant T3 being similar to that observed for the wild type parent A69 in each soil. However, there were clear differences in the rate of infection of sclerotia by C. minitans incubated in the four soils, with the fastest reduction in sclerotial viability (47 %) after 1 wk in Rixton soil, whereas for the Wellesbourne soil after 1 wk, a large proportion (over 80%) of the sclerotia were still viable. This may relate to the low levels of indigenous fungi in the Rixton soil resulting in little competition with the C. minitans during the pre-infection or early infection stages. In all cases, recovery of C. minitans from sclerotia rapidly decreased after reaching a maximum at around 2-4 wk. Initially C. minitans is protected inside the sclerotium, but, as the sclerotia start to degrade, C. minitans is no longer protected and may be killed by the surface-sterilising procedure or displayed by other microbes.
Hygromycin B resistance allowed increased sensitivity in the detection of C. minitans from both soil and sclerotia. Using hygromycin B-amended agar, C. minitans was detected in soil where there was a high background of other microorganisms. This enabled the survival of C. minitans in soil to be quantified, with C. minitans seen to survive throughout the experiment. The use of the hygromycin resistant transformant also enabled the unambiguous discrimination from soil of the applied transformed C. minitans from the indigenous hygromycin sensitive C. minitans present in the Lincoln soil. In previous studies by Jones & Whipps (2002) , colony morphology based on the classification of Sandys-Winsch et al. (1993) was used to distinguish between different C. minitans isolates applied to soil. However, this can only be used when the colony morphology of the indigenous C. minitans is known and differs from that of the applied strain. Utilisation of the hygromycin B resistance marker enables the positive identification of a specific isolate regardless of colony morphology making it possible to detect and monitor the isolate in soil. The different soils varied in their natural fungal populations, with infection by other fungi of sclerotia parasitised by C. minitans being high in both Wellesbourne and Lincoln soils, low in Rixton soil and intermediate in Kirton soil. Recovery of contaminating fungi from sclerotia in Kirton, Lincoln and Wellesbourne soils increased over time to a maximum level after 6 wk. For all soils, apart from Rixton, the addition of hygromycin B to the agar decreased the recovery of other fungi from sclerotia at these later harvest times, and concurrently, the detection of C. minitans increased by roughly an equivalent amount on hygromycin Bamended agar. However, when low numbers of other fungi were recovered from sclerotia as in the Rixton soil, there was no difference in the detection of C. minitans on the unamended compared with the hygromycin B-amended agar. This indicated that the contaminating fungi were secondary colonisers of sclerotia parasitised by C. minitans and masked the detection of C. minitans on unamended agar. Other workers (McCredie & Sivasithamparam 1985 , Jones & Stewart 2000 suggested the decline in the recovery of C. minitans from parasitised sclerotia over time was due to displacement of C. minitans by secondary colonisers. This is the first report to show that secondary colonising fungi of sclerotia infected by C. minitans were able to mask the detection of C. minitans rather than displacing the original parasite. Although hygromycin B inhibited the growth of most of the contaminating fungi, some fungi were seen to grow from infected sclerotia on hygromycin B-amended agar from all soils. Clearly, some fungi are less sensitive to hygromycin B compared with C. minitans.
There are differences in the occurrence of C. minitans in different soils, with only the Lincoln soil from New Zealand containing a natural population of C. minitans. Jones et al. (1999) , using the same soil, also reported the occurrence of an indigenous hygromycin B sensitive C. minitans isolate. A large number of C. minitans isolates was isolated from both soils and sclerotia by Jones & Stewart (2000) and there may be a difference in the natural population level of C. minitans in New Zealand compared with British soils. Although over 75% of sclerotia recovered after 8 wk incubation in the uninoculated Lincoln soil were infected with C. minitans, most of these sclerotia were still viable. Infection of these sclerotia by C. minitans may only be at the initial stages, and with increased incubation a reduction in sclerotial viability may be seen. On the other hand, the indigenous C. minitans isolated may be only weak sclerotial parasites, colonising only the outer surface of the sclerotia and therefore not able to kill them. Jones & Stewart (2000) reported that C. minitans isolates recovered from New Zealand soils varied in their ability to infect and reduce sclerotial viability. The low recovery of contaminating fungi from sclerotia incubated in uninoculated Lincoln soil was also probably due to the natural C. minitans infection in this treatment being at an early stage and secondary colonisation of these sclerotia infected by C. minitans had not yet taken place. In the present study, although the indigenous C. minitans population was detected from sclerotia in the Lincoln soil, none were recovered by standard dilution plating, indicating that, at low populations, sclerotial baiting was more sensitive in detecting C. minitans from soil. In addition, the indigenous C. minitans population level was below the detection threshold for dilution plating. Jones & Whipps (2002) reported that population levels of C. minitans below 10 4 cfu cm x3 soil were close to the limit of detection, so it was not possible to quantify C. minitans by dilution plating at low population levels in soil. Initially, the proportion of sclerotia infected by C. minitans recovered from uninoculated Lincoln soil was low but, this increased over time with 75 % of sclerotia infected after 8 wk. Similarly, Gerlagh & Vos (1991) reported that enrichment of soil with S. sclerotiorum sclerotia led to accumulation of C. minitans which accelerated the loss of viability of sclerotia. This illustrates that C. minitans is a highly efficient parasite being able to infect a large proportion of sclerotia within a relatively short time from an initially low soil population.
In conclusion, the use of the hygromycin B resistance marker allowed the unambiguous discrimination of the applied transformed C. minitans isolate from the indigenous hygromycin B sensitive C. minitans in soil. The addition of hygromycin B to agar also allowed the detection of C. minitans from decaying sclerotia by inhibiting secondary fungal colonisers. This study confirms that C. minitans is a very efficient sclerotial parasite, and is the first report to show that fungi colonising sclerotia already infected by C. minitans mask the detection of C. minitans from sclerotia rather than displacing the original parasite.
